The relationship between the abundance of the toxic marine dinoflagellate Alexandrium tamarense (Lebour) Balech and cyst formation-inhibiting bacteria (Alex-CFIB) was investigated in samples taken from the water column in Hiroshima Bay (Japan) in 1999. The cell density of A. tamarense peaked in the middle of April and blooms declined in May. Alex-CFIB were detected during the bloom period as well as the non-bloom period in 1999 by means of the most probable number (MPN) bioassay as well as the colony counting method. A total of 32 strains that had potential Alexandrium cyst formation-inhibiting activities (CFIB) were isolated from the seawater samples from Hiroshima Bay throughout the year. The population structure and genetic diversity of Alex-CFIB were analyzed by means of restriction fragment length polymorphism (RFLP) of the 16S ribosomal RNA genes (16S rDNA). Five ribotypes, Ia to Id and II types, were determined among the 32 strains of Alex-CFIB. Most of the strains belonged to ribotype I, suggesting that bacteria of ribotype I may be dominant in the Alex-CFIB assemblages in the field seawater. Almost the entire 16S rDNAbased phylogenetic tree showed that ribotypes I and II fell into the class Proteobacteria γ-subdivision Alteromonas group and theVibrio group, respectively. The 6-well microplate approach clarified that Alex-CFIB obtained in this study do not have growth-inhibiting activities, and Alex-CFIB of ribotype I (Alteromonas group) have strong activities of encystment inhibition among these ribotypes. The existence not only of Alexandrium cyst formation-promoting bacteria (Alex-CFPB) reported previously but also of Alex-CFIB in Hiroshima Bay throughout the year suggests that Alex-CFPB, as well as Alex-CFIB, especially bacteria of ribotype I, may play significant roles in the process of encystment and bloom dynamics of Alexandrium in the natural environment.
INTRODUCTION
Alexandrium catenella and A. tamarense marine dinoflagellates produce potent neurotoxins such as gonyautoxins and saxitoxin and are responsible for paralytic shellfish poisoning (PSP) (Hallegraeff 1993 , Shumway 1993 .
The life cycle mode of these toxic species is extremely important for their ability to form blooms. It is known that asexual reproduction by division can be replaced by the sexual fusion of the motile mating plus and minus cell types, yielding a motile diploid zygote (planozygote) (Turpin et al. 1978 , Yoshimatsu 1981 . The planozygote swims for several days and then becomes the non-motile resting cyst (hypnozygote) (Pfiester & Anderson 1987) . When favorable growth conditions return, cysts germinate and re-inoculate the water with asexual (vegetative) swimming cells that can act as potential seed populations, which can initiate red tide events (Steidinger 1975 , Dale 1977 , Anderson & Wall 1978 , Pfiester & Anderson 1987 .
It is important to elucidate the environmental factors that affect cyst formation in these toxic dinoflagellates in considering the production of cysts in their natural habitats. In laboratory cultures, sexuality of dinoflagellates has been reported to occur in response to stress following nitrogen and/or phosphorus depletion (Pfiester & Anderson 1987) . There are, however, field reports of encystment under seemingly favorable nutrient conditions for growth. Anderson & Morel (1979) , Anderson et al. (1983) and Perez et al. (1998) reported cyst formation for natural populations of Alexandrium tamarense in the presence of relatively high levels of nitrate and phosphate capable of supporting vegetative growth.
Recently, we have focused on one of the possible biological factors, bacteria, that interact with toxic dinoflagellate Alexandrium. We clarified the existence of Alexandrium cyst formation-promoting bacteria (Alex-CFPB) in the field by bioassay using natural seawater samples from Hiroshima Bay (Adachi et al. 1999) . The clear positive correlation between the abundance of A. tamarense and Alex-CFPB during the bloom periods suggested that the Alex-CFPB may play a significant role in the process of encystment and bloom disintegration in the field (Adachi et al. 1999) . In the present study, we undertook an investigation of the existence of Alexandrium cyst formation-inhibiting bacteria (Alex-CFIB) in Hiroshima Bay in 1999. Relationships between the abundance of Alex-CFIB and Alex-CFPB were also examined during this period. We also isolated Alex-CFIB from the field seawater samples and examined the structure of the Alex-CFIB assemblages by sequence comparison of their 16S ribosomal RNA gene (rDNA) regions.
MATERIALS AND METHODS
Organisms and culture methods. All the experiments were conducted with clonal and axenic isolate 6ax (mating type plus) and TNY7 (mating type minus) Alexandrium catenella were originally established by R. Kondo in 1995 from Uchiumi, Tokushima, Japan, and by Y. Sako in 1987 from Tanabe Bay, Wakayama, Japan, respectively (Adachi et al. 1999) . A. catenella TB93 (mating type plus), which was established by N. Nishibori in 1993 from Tachibana Bay, Tokushima, Japan, was also used. These cultures were grown in f/2 medium based on natural seawater without adding silicate (f/2-Si) using 10 -5 M Fe-EDTA as an iron source and chelator (Guillard & Ryther 1962 , Anderson et al. 1984 . Cultures were grown at 20°C with a 14 h light:10 h dark cycle at 80 µmol photons m -2 s -1
. Sterility of each culture was periodically determined by the method described by Adachi et al. (1999) .
Field measurements and sampling. Sampling was conducted from January to December in 1999 once a month during non-bloom periods or once a week during bloom periods at Stn 11 (Adachi et al. 1999 ), a shallow coastal site in Hiroshima Bay, western Seto Inland Sea, Japan. Water samples for Alexandrium tamarense cell counts were taken from depths of 0, 2, 5, 10 and 20 m, and from 1 m above the bottom at Stn 11 (depth ca 22 m), and their water temperature and salinity were measured by the method described by Adachi et al. (1999) . The number of vegetative cells of A. tamarense in 1 ml of each sample concentrated from 500 to 10 ml was counted under a light microscope on the day of sampling. One liter of subsamples collected from the 5 m depth layer at Stn 11 was poured into acid-washed, autoclaved glass bottles and kept at 4°C in the dark during transit to the laboratory for analysis of any bacterial effect on encystment. The total bacterial number in the seawater sample fixed with formaldehyde (final conc. 2%) was determined by direct microscopic observations with 4', 6-diamidino-2-phenylindole (DAPI) staining (Porter & Feig 1980) .
Most probable number bioassay of Alex-CFIB and Alex-CFPB. The most probable number (MPN) bioassay (Adachi et al. 1999 ) was used for the detection and tentative enumeration of bacteria that promote or inhibit cyst formation in Alexandrium from seawater samples collected from the 5 m depth layer at Stn 11 in 1999. Each seawater sample was first filtered through a glass fiber filter (GF/F) and then through a 0.8 µm Millipore or 0.1 µm Nuclepore filter. The 0.1 to 0.8 µm size fraction was considered to be the fraction containing the bulk of the planktonic bacteria (BF) and the < 0.1 µm size fraction to be the 'bacteria-free' fraction (BFF). Using these fraction, MPN values of Alex-CFPB and Alex-CFIB in the seawater samples were calculated from the numbers of Alex-CFPB-and Alex-CFIBpositive wells using the method of Adachi et al. (1999) .
Bioassay for enumeration of Alexandrium growthpromoting and -inhibiting bacteria. The numbers of Alexandrium growth-promoting bacteria (Alex-GPB) and growth-inhibiting bacteria (Alex-GIB) were determined by the MPN bioassay reported by Yoshinaga et al. (1995) in order to clarify the relationships between the fluctuations in abundance of Alex-CFIB and those of Alex-GPB and Alex-GIB. The details of this method were described in Adachi et al. (1999) .
Colony counts of Alex-CFIB and -CFPB. Seawater samples were diluted serially from 10 -1 to 10 -3 with sterilized seawater. One hundred microliters of these diluted seawater samples were spread onto FeTY agar plates (trypticase pepton 0.5 g l , agar 15 g l -1 , 80% seawater) and incubated at 20°C for 1 mo in the dark. Colony forming units (CFU) in the seawater samples were determined by counting colonies formed on the FeTY agar plates. About 50 colonies (diameter about 1 mm each) were randomly chosen from colonies derived from each seawater sample. Each colony was suspended in 100 µl of the autoclaved seawater that had been poured into the wells of 48-well disposable sterilized tissue culture microplates (Iwaki Co., Ltd, Funabashi, Chiba, Japan). No bacterial suspension was added to 16 wells containing autoclaved seawater as a control. In parallel, cultures of 6ax and TNY7 that had reached the phase of mid-exponential growth were adjusted to a concentration of 5.0 × 10 3 cells ml -1 with f/2 medium and mixed together. Two hundred microliters of the mixed algal cell suspension were inoculated into the microwells containing the bacterial suspensions or controls of autoclaved seawater. The microplates were incubated for 1 mo under the conditions described above. After the incubation, the number of whole cysts formed in each well was counted under an inverted microscope IX-FLA (Olympus). Colonies that led to the formation of 3 times more cysts and one-third fewer cysts than those formed in bacteria-free wells were tentatively regarded as 'Alex-CFPB' and 'Alex-CFIB', respectively. The isolation efficiency of each bacterium was obtained as the ratio of the number of Alex-CFIB (or Alex-CFPB) to the number of tested colonies. CFU of each seawater sample multiplied by the isolation efficiency of the Alex-CFIB and Alex-CFPB gives the number of Alex-CFIB and Alex-CFPB by colony counts, respectively.
Isolation of Alex-CFIB. In order to isolate the dominant bacterial strains of the Alex-CFIB population in the field, supernatants from the MPN-positive wells that had contained BF diluted as much as possible were diluted serially from 10 -1 to 10 -3 with autoclaved seawater. One hundred microliters of these diluted fractions were spread onto FeTY agar plates and incubated at 20°C for 1 mo in the dark. Each colony (diameter about 1 mm) formed on the FeTY agar plate was screened for isolation of Alex-CFIB according to the method described above. Colonies from field seawater samples that were diluted with autoclaved seawaters as much as possible were also screened. Colonies that caused the Alexandrium catenella cells to form onethird fewer cysts than those formed in bacteria-free wells were selected and streaked onto FeTY agar plates and incubated at 20°C for 3 wk under dark conditions. More than 500 colonies were screened using the method described above. Each colony was rescreened using the method described above. Colonies that caused the A. catenella cells to form one-third fewer cysts than those formed in bacteria-free wells were tentatively regarded as 'Alex-CFIB'. Tentative 'cyst formation-inhibiting activity' (CFIA) was calculated by the following formula: CFIA = (cyst number in bacteria-free wells -cyst number in wells with bacteria)/cyst number in bacteria-free wells.
Polymerase chain reaction (PCR) amplification of the 16S rDNA of Alex-CFIB. The bacterial genome DNA was extracted using the method reported by Yoshinaga et al. (1998) . The almost complete 16S rDNAs were PCR amplified using the 27F primer (5'-AGAGTTTGATC(AC)TGGCTCAG-3') and 1492R primer (5'-ACGG(CT)TACCTTGTTACGACTT-3'), which are complementary to the 5' end and 3' end of the prokaryotic 16S rDNA, respectively. Amplifications were performed as previously described by Adachi et al. (1996) using a DNA Thermal Cycler TP2000 (TaKaRa Biomedicals, Osaka, Japan), with 30 thermal cycles of 94°C for 1 min, 60°C for 1 min and 72°C for 3 min with a final elongation step of 7 min at 72°C. Reactions contained a 100 µl mixture of 2.5 U TaKaRa Taq polymerase (TaKaRa Biomedicals), 10 mM each of deoxy (d) ATP, dCTP, dGTP and dTTP, 1× reaction buffer (TaKaRa Biomedicals), and 2 mM MgCl 2 and 100 pmol each of primer. Completed amplifications were extracted once with chloroform, and the amplified DNA was precipitated with ethanol at -20°C. The precipitates were re-suspended in TE solution (10 mM Tris-HCl pH 8.0 and 1 mM EDTA pH 8.0) and stored at -20°C. To estimate yield and purity of PCR products, the precipitated DNA was electrophoresed through 1.5% agarose S (Nippon Gene, Tokyo, Japan) gel using Tris-acetate-EDTA (TAE) buffer (Sambrook et al. 1989 ) and quantified by Genequant II (AmershamPharmacia). Two micrograms of the DNA was then digested with 1 of 4 restriction endonucleases: Mbo I, Hha I (TaKaRa Biomedicals), Rsa I (Toyobo, Osaka, Japan) and Bst UI (New England Biolabs, Inc., Beverly, MA, USA) according to the recommendations of the manufacturer. Restriction fragments were resolved by electrophoresis through 4% NuSieve 3:1 agarose (FMC BioProducts, Rockland, ME, USA). Agarose gels were stained with ethidium bromide and photographed according to standard methods (Sambrook et al. 1989) .
PCR direct sequencing and phylogenetic analysis of the 16S rDNA. The excess deoxy nucleotide triphosphate (dNTP) and the remaining primers in PCR products were removed by using a GeneClean III Kit according to the recommendations of the manufacturer (Bio101, Vista, CA, USA). The purified products were directly sequenced by using a BigDye Terminator Cycle Sequencing FS Ready Reaction Kit (PE Biosystems, Osaka, Japan), with bacterial universal 27F primer, EUB338F primer (5'-ACTCCTACGGGAGGCAGC-3'), EUB338R primer (5'-GCTGCCTCCCGTAGGAGT-3'), BAC514F primer (5'-CGTGCCAGCAGCCGCGGTA-AT-3'), BAC514R primer (5'-ATTACCGCGGCTGC-TGGCACG-3'), BAC785R primer (5'-GACTACCAGGG-TATCTAATCC-3'), BAC1059F primer (5'-GTCG-TCAGCTCGTGYYGTGA-3'), BAC1059R primer (5'-TCACRRCACGAGCTGACGAC-3'), BAC1375F primer (5'-CGGTGAATACGTTCCCGG-3'), BAC1375R primer (5'-CCGGGAACGTATTCACCG-3') and 1492R primer. The number in each primer name shows the corresponding position in the Escherichia coli 16S rDNA. Almost the entire 16S rDNA sequences were aligned to various bacterial 16S rDNA sequences obtained from the European Molecular Biology Laboratory (EMBL), GenBank and DNA Data Base of Japan (DDBJ) databases using the software ClustalW (v. 1.6; EMBL, Heidelberg, Germany). Distances were inferred from sequences by using the 1-parameter model of Jukes & Cantor (1969) . Branch lengths of phylogenetic trees were evaluated by using the neighbor-joining (NJ) method (Saitou & Nei 1987) . Bootstrap analyses of 1000 replicates were carried out with ClustalW.
Determination of activity of representative Alex-CFIB. Autoclaved seawater (4.5 ml) from Uranouchi Inlet, Kochi, Japan was poured into each well of 6-well disposable sterilized tissue culture microplates (Iwaki Co., Ltd; total of 8 plates). Alex-CFIB KF99511-21 (>10 , late log phase; see Table1) preincubated in the FeTY liquid medium, which had a strong CFIA and belonged to the ribotype Id as described later, was diluted with the FeTY liquid medium to 4.5 × 10 7 cells ml -1
. Three microliters of the diluted bacterial suspension were inoculated at an initial density of 10 4 cells ml -1 into all the wells of 4 microplates containing the autoclaved seawater. The same volume (3 µl) of the FeTY liquid medium was added to all the wells of the other 4 microplates as a bacteria-free control. Nine milliliters of each culture of Alexandrium catenella TB93 and TNY7 at the mid-exponential growth phase that had been adjusted to a concentration of 3.0 × 10 3 cells ml -1 with sterile f/2 medium were added to all 8 plates, mixed gently and incubated at 20°C for 1 mo under the conditions described above. After incubation for 0, 3, 7, 14 and 21 d, cysts of A. catenella cells in 6 wells of 1 plate containing bacteria and 1 bacteria-free plate were counted under an IX-FLA inverted microscope (Olympus). On the same days, the culture material was removed from the wells. Then the growth of the cultures of A. catenella in the 6 wells was monitored by counting under an IX-FLA inverted microscope (Olympus) as well as by measuring in vivo autofluorescence excited by blue light using a Turner 10-AU Fluorometer (Turner Designs Co.). Total bacteria in each culture with bacteria were monitored by the method of Porter & Feig (1980) . After measuring the in vivo fluorescence, the cultures were centrifuged at 1500 × g for 10 min. The culture supernatants were filtered through 0.2 µm cellulose acetate filters (Advantec Inc., Tokyo, Japan). Reactive phosphate, nitrate/nitrite and ammonium concentrations of these samples were determined by means of a TRAACS-800 TM autoanalyzer (Bran Luebbe, Tokyo, Japan) according to the recommendations of the manufacturer. Total cellular phosphorus was assayed using a modification of the method of Anderson & Lindquist (1985) . The centrifuged cells from about 5 ml of culture in each well were suspended in 20 ml of artificial seawater (550 mM NaCl, 30 mM MgSO 4 7H 2 O, 2 mM NaHCO 3 ). To the solution was added 3.2 ml of potassium persulfate solution (0.185 M K 2 S 2 O 8 and 0.25 M NaOH). The solution was then autoclaved for 30 min at 121°C. After cooling, the solution was filtered through a 0.8 µm Filter Unit MILLEX-AA (Millipore), and reactive phosphate was determined using a TRAACS-800 TM as described above. The total cellular nitrogen was assayed according to the method described below. The harvested cells from about 5 ml of culture in each well were suspended in 3 ml of artificial seawater. One milliliter of PEROX (0.1 M K 2 S 2 O 8 , 0.6 M NaOH) was added to the solution. The solution was autoclaved for 30 min at 121°C. After cooling, 1 ml of 1.5 M HCl was added to the solution and filtered through a 0.8 µm Filter Unit MILLEX-AA (Millipore). The solution was diluted with artificial seawater and 2 ml of 1 M Tris was added. The nitrate and nitrite concentrations of the solutions were determined using a TRAACS-800 TM autoanalyzer (Bran Luebbe). Encystment efficiency was calculated using the following formula: Encystment efficiency = 2N c /N + 2N c , where N is the number of vegetative cells and N c is the number of cysts). Vegetative growth and nutrient concentration in cultures with bacteria or without bacteria were statistically compared by 2-way ANOVA (Sokal & Rohlf 1995) .
RESULTS

Alexandrium tamarense blooms and environmental conditions
Water temperature at 5 m depth of Stn 11 increased from ca 10°C in February to the annual maximum of 25 to 26°C in August with a steady decrease after September (Fig. 1C) . Alexandrium tamarense was first observed at a seawater temperature of 11°C in 1999 and peaked at around 13 to 15°C in the middle of April (Fig. 1A,C) . A maximum density of 3.53 × 10 2 cells l -1 occurred at the 5 m depth layer on April 19, 1999. Blooms gradually declined from the middle of May in 1999 (Fig. 1A) . Since A. tamarense was densely distributed at 5 m depth during the period of bloom in 1997 to 1999 (data not shown), samples for estimating bacterial effects were collected from 5 m depth. Salinity ranged between a high of 33.0 in late winter and a low of 30.2 on September 16, 1999 (Fig. 1C) . Nutrient concentra-tions decreased during the early bloom development periods and then became constant at a low level until the beginning of summer (Fig. 1D,E) . A high concentration of phosphorus (7.27 µM) was observed on September 16, 1999. The total number of bacteria fluctuated little (1.54 × 10 6 to 2.87 × 10 6 cells ml -1
) over the observed period (Fig. 1B) . CFU ranged from 3.98 × 10 3 cells ml -1 to 1.04 × 10 5 cells ml -1 (Fig. 1B) .
Abundance of Alex-CFIB, -CFPB, -GIB and -GPB
Alex-CFIB in the seawater samples were detected by the MPN bioassay on March 23 and May 7, 1999, during the bloom period when a low density of Alexandrium tamarense (<10 3 cells l -1 ) was observed ( Fig. 2A,B) . After the bloom period, Alex-CFIB were detected by MPN from June 10 to October 14, 1999 (Fig. 2B) . The highest concentration of Alex-CFIB by MPN (9.25 × 10 2 cells ml -1
) was observed on September 16, 1999 (Fig. 2B) , when A. tamarense cells were not detected (Fig. 2A) . The number of cells x, r 2 = 0.0188, P β = 0.600, -0.268 < β < 0.160, where β is the slope). Alex-CFIB, determined by the colony-counting method (Alex-CFIB by CC), were first observed on April 5, 1999, during the bloom-developing period and fluctuated from 1.95 × 10 2 cells ml -1 to 2.63 × 10 3 cells ml -1 and then decreased on August 11, 1999. Alex-CFIB by CC increased on September 16, 1999, reached 3.55 × 10 2 cells ml -1 on October 14, 1999, and then decreased on November 16, 1999 (Fig. 2B ). Alex-CFIB by CC also did not correlate with A. tamarense (y = 60.8 -1.38 × 10 -2 x, r 2 = 0.0278, P β = 0.522, -0.0580 < β < 0.0310). Alex-CFPB were counted by the MPN bioassay on March 11 and April 5, when the bloom was developing, and peaked at 4.35 × 10 2 cells ml -1 on May 11, 1999 (Fig. 2C) , when the bloom was declining. After the bloom, the next peak of Alex-CFPB by MPN was observed on November 16, 1999, when A. tamarense cells were not detected (Fig. 2C) . Alex-CFPB by CC were only detected on August 11 and September 16, 1999 (Fig. 2C) . The number of cells of neither Alex-CFPB by MPN nor Alex-CFPB by CC significantly correlated with the abundance of Alexandrium sp. Alex-GPB fluctuated from 7.33 × 10 1 cells ml -1 to 6.13 × 10 2 cells ml -1 during the bloom period, except for the peak bloom period (April 19) and the bloom disintegration period (May 24) (Fig. 2D) . Alex-GIB were only detected during the peak bloom period (Fig. 2D) .
Isolation of Alex-CFIB
Twelve and 20 strains of Alex-CFIB were isolated from colonies obtained from the MPN-positive wells and from field seawater samples, respectively, termed KC and KF strains after their origin, respectively: KC, from the MPN culture supernatants, and KF, from the field seawater samples (Table 1 ). The CFIA of each isolate, which was tentatively determined, ranged from 0.74 to 1.0 (Table 1) .
16S rDNA-based RFLP analysis of Alex-CFIB
PCR amplification of the 16S rDNA from the 32 isolates of Alex-CFIB resulted in a single product of approximately 1500 base pairs (bp) (data not shown). A total of 3, 4, 5 and 2 different RFLP types were detected using the restriction enzymes Mbo I, Hha I, Rsa I and Bst U1, respectively (data not shown). Taken together, our results reveal 5 ribotypes among the 32 isolates of the Alex-CFIB tested. Four types among them showed similar patterns and were named ribotype I (Ia to Id). Thirty-one isolates among the 32 isolates belonged to the ribotype I (Table 1) . Among the 31 isolates of ribotype I, 20 isolates belonged to the ribotype Id. These isolates of ribotype Id were isolated from the seawater samples taken throughout the year. The other type, which showed quite different patterns from those of ribotype I, was termed ribotype II.
16S rDNA-based phylogenetic analysis of Alex-CFIB
Almost the entire 16S rDNA sequence of an isolate from each ribotype was sequenced. Fig. 3 shows a phylogenetic tree indicating that the isolates of ribotypes Ia to Id and II fell within the γ-subdivision of the class Proteobacteria. Ribotypes Ia to Id are closely related to each other and are clustered within the Alteromonas group. Ribotype II was clustered in the Vibrio group.
Determination of activity of Alex-CFIB
When the activity of the ribotype Id isolate (KF99511-21, Table 1 ) was analyzed using the 6-well microplate approach, differences in algal growth were not significant in cultures with and without bacteria (F = 1.06, P = 0.36 > 0.05) (Fig. 4A,B) . In wells to which the bacteria had been added, the total bacteria increased from 1.00 × 10 4 cells ml -1 to 3.64 × 10 7 ± 9.86 × 10 5 (mean ± SD) cells ml -1 (Fig. 4E) . The cyst yield in wells inoculated with and without the bacteria reached 9.40 ± 1.45 cysts ml -1 and 59.5 ± 1.62 × 10 1 cysts ml -1
, respectively, after incubation for 7 d (Fig. 4C) , which showed a significant difference of cyst yield between them (t-test, t Day7 , t Day14 and t Day21 = 7.55, 7.76 and 16.4, P Day7 , P Day14 , and P Day21 = 6.47 × 10 -4 , 5.68 × 10 -4
, and 1.54 × 10 -5 , respectively < 0.001). The encystment efficiency in cultures with and without bacteria was 2.66 × 10 -3 and 1.81 × 10 -2
, respectively, at that time (Fig. 4D ). The ratio of the maximum encystment efficiency in cultures with bacteria to that in bacteria-free cultures was 0.147. When the activities of ribotypes Ia and II were analyzed using the same approach, Alexandrium catenella growth was similar with added bacteria and under bacteria-free conditions, and the maximum cyst yield with added bacteria was less than that without. The ratio of the maximum encystment efficiency in cultures to which ribotype Ia and II had been added was 0.297 and 0.521, respectively.
The concentration of phosphate in wells with the bacteria added was less than that in the bacteria-free wells throughout the incubation period (Fig. 5A) . After 3 d of incubation, the phosphate concentration in bacterial wells dropped to less than 1 µM. The difference in phosphate concentration, however, was not significant (F = 1.50, P = 0.29 > 0.05). The nitrate/nitrite concentration in the bacterial wells was also less than that in the bacteria-free wells throughout the incubation period (Fig. 5B) . The difference was not significant (F = 5.00, P = 0.09 > 0.05). The concentration of ammonium in the bacterial wells and in the bacteria-free wells decreased similarly (Fig. 5C ), but the difference was significant (F = 11.5, P = 0.03 < 0.05). Cellular phosphorus in the bacterial wells was slightly higher than that in the bacteria-free wells after 3 d of incubation and was lower than that in the bacteria-free wells after 7 d of incubation (Fig. 5D) phosphorus throughout the incubation period was not significant (F = 0.01, P = 0.16 > 0.05). Cellular nitrogen in the bacterial wells remained constant (153 to 213 pg cell -1 ) and was not significantly different from that in the bacteria-free wells (F = 2.08, P = 0.22 > 0.05) (Fig. 5E ).
DISCUSSION
Abundance of Alex-CFIB
Alex-CFIB were detected in seawater sampled from Hiroshima Bay throughout the year by the MPN bioassay as well as by CC, indicating that Alex-CFIB may be ubiquitous in the coastal waters where the toxic dinoflagellate Alexandrium occurs annually. In 1997 and 1998, Alex-CFIB were not detected by MPN when a high cell density of A. tamarense (>10 4 cells l -1
) and a high concentration of Alex-CFPB were observed (Adachi et al. 1999) . In contrast, Alex-CFIB were detected by MPN during the bloom period in 1999, when a low cell density of A. tamarense (<10 3 cells l et al. 1996) and form cysts when they are mated with each other (Sako et al. 1990) , which may affect the abundance of Alex-CFIB studied in this report. The number of Alex-CFIB might also be affected by the coexisting Alex-GIB in the MPN wells, since the growth in the wells was not monitored in our MPN assay and the CC bioassay. Alex-GIB were detected by our bioassay only during the peak bloom period, which indicates that the number of Alex-CFIB by CC at that time may have been overestimated. Furthermore, we have to consider the possibility that some bacteria may also be directly inhibiting growth or activity of Alex-CFIB in the MPN wells. In order to estimate accurate in situ abundance of Alex-CFIB, quantitative molecular techniques such as a fluorescent in situ hybridization (FISH) should be conducted after the 16S rDNA phylogenies of Alex-CFIB have been determined.
Phylogenetic analysis of Alex-CFIB
Most of the 32 Alex-CFIB strains isolated from Hiroshima Bay throughout the year belonged to the class Proteobacteria, γ-subdivision, Alteromonas group, which suggests that this group might be dominant in the Alex-CFIB assemblage in Hiroshima Bay. Ribotypes Ia to Id that are closely related to each other may have a similar mechanism of encystment inhibition. DNA probes that are designed from the common sequences among the ribotype I strains may be useful for the precise detection and enumeration of ribotype I strains in natural seawater. 
Activities of Alex-CFIB
In the 6-well microplate experiments, Alex-CFIB obtained in this study showed no growth-inhibiting activities but did show encystment-inhibiting activities. Alex-CFIB of ribotype I (Alteromonas group), which are possibly dominant in the Alex-CFIB assemblages in Hiroshima Bay and show strong encystment inhibition activites, may play significant roles in the process of encystment and bloom dynamics of Alexandrium in the natural habitat.
It is reported that sexuality in Alexandrium tamarense is controlled by the initial macronutrient availability in batch culture, such as nitrogen and/or phosphorus, and is induced by nitrogen (nitrate/nitrite and ammonium) and/or phosphorus depletion (Anderson et al. 1984) . This implies that the addition of macronutrients to batch culture may cause inhibition of cyst formation in some cases. In this report, the addition of Alex-CFIB did not increase the concentration of phosphate, nitrate, nitrite and ammonium, nor of cellular nitrogen or cellular phosphorus, even considering the possibility that our cellular nitrogen and phosphorus presented in Fig. 5D ,E may have contained not only algal cellular nitrogen and phosphorus but also 'attached' bacterial nitrogen and phosphorus. This result indicates that the inhibition of encystment by the addition of Alex-CFIB was caused not by the indirect effect of changes in macronutrient concentration (nitrogen, phosphorus) by Alex-CFIB but by an indirect effect of change in micronutrient concentration or a direct effect of a substance produced or excreted by Alex-CFIB under our laboratory conditions.
Trigger of encystment
In the 6-well microplate experiments, cyst numbers peaked after an incubation of 7 d, indicating that cyst formation mainly occurred within the first week. Considering that it takes about 5 d to mature from fused cells (planozygotes) to resting cysts (hypnozygotes) (Anderson et al. 1983) , most fusion probably occurred within several days after mixing. At that time, macronutrients in the culture supernatant and cellular nitrogen and phosphorus in wells containing BFF were not depleted, which suggests that nutrient depletion was not a trigger of cyst formation in our experiments.
Natural bacteria affect cyst formation in marine phytoplankton
Recently, bacteria that affect the sexuality of some marine phytoplankton have been isolated from the natural environment. A bacterium that promotes sperm formation of the diatom Coscinodiscus wailesii Gran was isolated from sediment from Harima-Nada (Japan) by Nagai et al. (1994) . They determined that the abundance of the bacterium in the sediments determined by MPN bioassay was about 10 4 cells ml -1 in the natural environment and concluded that the bacterium might play an important role in the process of sperm formation in the field (Nagai & Imai 1998) . Sawayama (1991) and Sawayama et al. (1993) reported that a bacterium isolated from Majero Island in the Pacific Ocean and a bacterium from Lake Tsumoso, Nepal, inhibited the mating reaction of Alexandrium catenella. These bacteria might affect sexual reproduction of natural phytoplankton species in the field, although neither the abundance of the bacterium nor its ecological roles in the field were analyzed. Adachi et al. (1999) observed an abundance of Alex-CFPB in Hiroshima Bay and confirmed a clear positive correlation between the abundance of A. tamarense and that of Alex-CFPB. They suggest that Alex-CFPB may play a significant role in the process of encystment and bloom disintegration in the field. Our results in this study show the existence of not only Alex-CFPB but also Alex-CFIB in Hiroshima Bay throughout the year, which suggests that Alex-CFIB as well as Alex-CFPB may play significant roles in the process of encystment and bloom dynamics of Alexandrium in the natural environment.
